INTRODUCTION
Scorpion systematics is currently based almost entirely on characters of the external morphology (Sissom, 1990) , despite an extensive body of literature documenting phylogenetically informative character systems from the internal anatomy (particularly the mesosoma) of scorpions. The mesosoma contains most of the scorpion's organ systems, including the intestine and glands of the digestive system, the reproductive system, the respiratory system, the circulatory system, and lymphoid organs (Hjelle, 1990) . Phylogenetically informative characters from the mesosomal anatomy were first reported a century ago (Laurie, 1890 (Laurie, , 1891 (Laurie, , 1896a Pavlovsky, 1913 Pavlovsky, , 1915a Pavlovsky, , b, c, d, 1917 Pavlovsky, , 1924a Pavlovsky, , b, c, d, 1925 Pavlovsky, , 1926 , and, with the notable exception of characters from the male reproductive system, the subject has since received little attention from scorpion systematists. For example, the three family-level phylogenetic analyses of scorpions presented to date included numerous characters from the male reproductive system (23 in Stockwell, 1989; 12 in Prendini, 2000; 8 in Soleglad & Fet, 2003) , but only three characters from the female reproductive system. A further problem concerns the limited number of taxa in which the mesosomal anatomy has been studied in detail. Most observations in the early literature were reported from a limited sample of taxa, and have not been subsequently confirmed. These observations were nevertheless incorporated into recent phylogenetic analyses, and in some cases were extrapolated to other taxa in which they had not been observed. Other organ systems (e.g. the digestive gland and lateral lymphoid organs) have never been studied in a comparative manner across a diversity of taxa, and the variation and phylogenetic content of these structures are largely unknown.
The present contribution aims to reinvestigate the mesosomal anatomy, focusing specifically on the patterns of connection and branching of the ovariuterine tubules; the lobular formation of the digestive gland; the presence and development of the lateral lymphoid organs; and the morphology of the diverticulae in katoikogenic scorpions. We examine a broad sample of taxa representing all scorpion families, and collate and reassess the observations of previous authors, providing an up-to-date synthesis of the literature.
HISTORICAL CONTEXT OVARIUTERUS
The female reproductive system (ovariuterus) of scorpions comprises a network of tubules that emanate from a pair of variably developed spermathecae (or seminal receptacles sensu Pavlovsky, 1925; Millot & Vachon, 1949) , which connect to the genital atrium, and open at the genital operculum (Hjelle, 1990; Sissom, 1990) . The basic ovariuterine network comprises two lateral longitudinal tubules, connected to a median longitudinal tubule by two, four, or five paired transverse tubules (or anastosomoses sensu Matthiesen, 1970; Francke, 1982) on either side of the median longitudinal tubule, thereby forming a network of two, six, or eight roughly quadrilateral 'cells' (Matthiesen, 1970; Francke, 1982; Hjelle, 1990; Sissom, 1990) . More complex variations involve the development of a pair of submedian longitudinal tubules, forming a median 'cell'; however, for reasons unknown to us, this median 'cell' has never been considered in the overall 'cell' count.
Laurie (1896a, b), Pavlovsky (1913 Pavlovsky ( , 1915a Pavlovsky ( , b, c, d, 1924a Pavlovsky ( , b, c, d, 1925 Pavlovsky ( , 1926 and Pavlovsky & Zarin (1926) provided the earliest and most extensive contributions on the comparative anatomy of scorpions. Pavlovsky (1915d Pavlovsky ( , 1917 Pavlovsky ( , 1924a was the first to discuss the now widely recognized importance of the male paraxial organ and hemispermatophore for scorpion systematics, which will be addressed elsewhere. Pavlovsky's (1924b Pavlovsky's ( , 1925 contributions remain the most detailed on the patterns of branching and connectivity of the overiuterine tubules. Pavlovsky (1925) illustrated the ovariuterus of six buthids, one bothriurid, one euscorpiid, and two scorpiopids (Table 1) . Pavlovsky (1924b Pavlovsky ( , 1925 was the first to observe a difference between the eight-celled ovariuterus of buthids and the six-celled ovariuterus of nonbuthids. Pavlovsky (1924b Pavlovsky ( , 1925 also noted the enlarged spermathecae of some nonbuthids. Pavlovsky (1925) illustrated four different patterns of branching and connectivity of the ovariuterine tubules of Buthidae C.L. Koch, 1837, but did not comment on this surprising diversity (and neither have subsequent authors): (1) median cell closed by anterior fusion of the submedian tubules, Lychas variatus (Thorell, 1876); (2) median cell closed anteriorly by a short transverse tubule, Parabuthus planicauda (Pocock, 1889); (3) median cell open anteriorly, Lychas tricarinatus (Simon, 1884) ; (4) median cell absent, Anomalobuthus rickmersi Kraepelin, 1900, Liobuthus kessleri Birula, 1898, and Lychas marmoreus C.L. Koch, 1844 .
Later contributions to the understanding of the female reproductive anatomy of scorpions supported most of Pavlovsky's (1924b Pavlovsky's ( , 1925 observations, but either added few new observations (Francke, 1982; Sissom, 1990) , or focused on one or a few species: Leiurus quinquestriatus (Ehrenberg, 1828), Warburg & Elias (1998) , Warburg & Rosenberg (1990) ; Hottentotta judaicus (Simon, 1872 ) (as Buthotus judaicus), Warburg & Rosenberg (1992b) ; Rhopalurus rochae Borelli, 1910 , Tityus bahiensis (Perty, 1833 , Tityus cambridgei Pocock, 1897, Tityus serrulatus Lutz & Mello, 1922 , Tityus stigmurus (Thorell, 1876 , Matthiesen (1970) ; Nebo hierichonticus (Simon, 1872) , Warburg & Rosenberg (1990 , 1992a ; Heterometrus scaber (Thorell, 1876) , Mathew (1956) ; Pandinus imperator (C.L. Koch, 1841) , Mahsberg & Warburg (2000) ; Scorpio maurus fuscus (Ehrenberg, 1829), Warburg & Rosenberg (1990 , 1993 ; Urodacus manicatus (Thorell, 1876 ), Mathew (1968 , Warburg & Rosenberg (1994); and Pseudochactas ovchinnikovi Gromov, 1998, Prendini et al. (2006) . Notable among these contributions were those of Mathew (1960 Mathew ( , 1962 , who redescribed and confirmed the unusual ovariuterine anatomy of L. tricarinatus, first illustrated by Pavlovsky (1925) ; the contribution of Matthiesen (1970) , who discovered the two-celled pattern in two species of Tityus C.L. Koch, 1836 (Table 1) , contradicting Pavlovsky's (1924b Pavlovsky's ( , 1925 reports of an eight-celled ovariuterus in this genus, and reported the eight-celled pattern in R. rochae; and the contribution of Prendini et al. (2006) , who illustrated the six-celled ovariuterus of P. ovchinnikovi.
The eight-celled and two-celled patterns have only been observed in Buthidae; however, relatively few buthids have been examined in the literature (Table 1) , and a broader sample from this diverse family must be studied to confirm whether these observations are more general. The six-celled ovari-uterus, documented only in nonbuthid scorpions, is based on equally few observations. Prendini et al. (2006: 238, table 7) provided the most recent summary of published observations on variation in the ovariuterine anatomy of scorpions, which we enlarge upon in the present contribution.
SPERMATHECAE
The spermathecae, which facilitate sperm storage and maintenance after mating (Hjelle, 1990; Peretti & Battán-Horenstein, 2003; Peretti, 2003) , are the swollen anterior extensions of the lateral longitudinal tubules. Although little is known about variation in the spermathecal anatomy within the order Scorpiones, it is clear that considerable variation exists, ranging from only a slight anterior swelling of the ovariuterine tubules in some buthids, to the formation of large sac-like structures in some bothriurids (Pavlovsky, 1925) .
LOCATION OF EMBRYONIC DEVELOPMENT
Differences in the type of embryonic development (katoikogenic vs. apoikogenic development) have been studied in many scorpion species, and were first summarized by Polis & Sissom (1990: 184-187, table 4 .2); however, few attempts have been made to analyse and summarize the data comparatively (Laurie, 1890 (Laurie, , 1891 (Laurie, , 1896a Francke, 1982; Polis & Sissom, 1990; Farley, 2001) . Laurie (1896a) first recognized two distinct types of embryonic development in scorpions: apoikogenic, in which embryonic development occurs inside the ovariuterine tubules, and the embryos are nourished by yolk; and katoikogenic, in which development occurs inside diverticulae of the ovariuterus, and the embryos are nourished via a placenta-like organ. Apoikogenic and katoikogenic development are among the few characters from the female reproductive system to have been included in phylogenetic analyses of the higher phylogeny of Scorpiones (Stockwell, 1989; Prendini, 2000; Soleglad and Fet, 2003) . Francke (1982) clarified several misconceptions concerning the development of scorpions, and concluded that all are viviparous, but with some important differences in the morphology and development of the ovarian follicles and embryos, first noted by Laurie (1896a, b), and discussed further below. Warburg (2001) described a putative third type of development in Vaejovis spinigerus (Wood, 1863) and Compsobuthus werneri schmiedechnechti Vachon, 1949 (as C. werneri judaicus Levy et al., 1973 , in which the oocytes apparently mature inside the ovarian tubes, rather than inside follicles on the outer surface.
FOLLICLES
The oocytes are located in follicles that are variably situated on the exterior of the ovariuterine tubules. Three types of follicles have been recognized (Francke, 1982; Sissom, 1990; Lourenço, 2002) : (1) sessile and in direct contact with the ovariuterus (Bothriuridae Simon, 1880; Buthidae, Chactidae Pocock, 1893; Chaerilidae Pocock, 1893); (2) connected to the ovariuterus by a short stalk or pedicel (Iuridae Thorell, 1876; Vaejovidae Thorell, 1876) ; (3) oocytes located within diverticulae that arise from the ovariuterine tubules (Diplocentridae Karsch, 1880; Hemiscorpiidae Pocock, 1893; Liochelidae Fet and Bechly, 2001; Scorpionidae Latreille, 1802; Urodacidae Pocock, 1893) . The ovariuterus of Smeringurus mesaensis (Stahnke, 1957) is unusual in that the follicles are initially sessile and in direct contact with the ovariuterus, but, during early embryology, a trophic layer of cells develops and completely covers the maturing follicles (Farley, 1998 (Farley, , 2001 .
The size and shape of the follicles are directly related to the type of embryonic development. Sessile and stalked follicles are characteristic of scorpions with apoikogenic development (Laurie, 1896a; Francke, 1982; Polis & Sissom, 1990; Farley, 2001) . Follicles of apoikogenic scorpions are oval or rounded, whereas those of katoikogenic scorpions are more elongated (Laurie, 1896a, b; Francke, 1982; Polis & Sissom, 1990; Farley, 2001) , which may be related to the development of the follicle into the diverticulum in katoikogenic scorpions.
Stalked follicles (with a pedicel) were once thought to be uniquely present in and potentially synapomorphic for Iuridae and Vaejovidae (Laurie, 1896a; Francke, 1982; Stockwell, 1989; Sissom, 1990) ; however, stalked follicles have also been reported in the buthids Lychas tricarinatus (Mathew, 1962: 348, fig. 1 ), Tityus bahiensis and T. serrulatus (Matthiesen, 1970: 628, figs. 3, 5) , Hottentotta judaicus (Warburg & Rosenberg, 1992b: 34, figs. 3, 4, 7) , and Leiurus quinquestriatus (Warburg, Elias & Rosenberg, 1995) , and in the euscorpiids, Euscorpius italicus (Herbst, 1800) (Laurie, 1890) and Euscorpius flavicaudis (DeGeer, 1778) (Lourenço, 2002: 73, fig. 3b ).
DIGESTIVE GLAND
The digestive gland is the largest organ in the scorpion's body, comprising most of the contents of the mesosoma. The organ is formed by six pairs of glands connected to the intestine by means of fine ducts. The first pair of diverticulae are situated in the prosoma; the remaining five are in each of the first five mesosomal segments. The digestive gland contains cells that produce enzymes for degrading ingested materials, and cells that absorb and store digested materials MESOSOMAL ANATOMY OF SCORPIONES (CHELICERATA) 653 Warburg, 2000; Mat56, Mathew 1956; Mat62, Mathew 1962; Mat68, Mathew 1968; Matt70, Matthiesen 1970; Pav24b, Pavlovsky 1924b; Pav25, Pavlovsky 1925; Pre06, Prendini et al. 2006; Sis90, Sissom 1990; T-P39a, Toledo-Piza 1939a; T-P39b, Toledo-Piza 1939b; W&R90, Warburg and Rosenberg, 1990; W&R92a, Warburg and Rosenberg, 1992a; W&R93, Warburg and Rosenberg, 1993; W&R94, Warburg and Rosenberg, 1994 . Unknown state (?) is assigned to taxa for which the MC has not been described. (Pavlovsky & Zarin, 1926; Snodgrass, 1952; Hjelle, 1990) . Anatomical variation in the digestive gland was first observed by Pavlovsky (1925: fig. 1 , plates VII and VIII), who illustrated the compact digestive gland of Centruroides margaritatus (Gervais, 1841), and the markedly lobate digestive gland of Scorpio maurus Linnaeus, 1758 in dorsal aspect. Pavlovsky & Zarin (1926) subsequently reported a less lobate digestive gland in Chactidae and Vaejovidae, but unfortunately provided no identification of the species examined.
LATERAL LYMPHOID ORGANS
These organs consist of a pair of large, two-cell-thick tubular structures connected anteriorly to the diaphragm dividing the prosoma from the mesosoma. Laurie (1896b) first noticed the variation of the tubes, and considered them to be associated with the coxal glands, part of the excretory system of scorpions, located in the prosoma (Hjelle, 1990) . Laurie (1896b) also noted the absence of these tubes in the buthids he examined. Pavlovsky (1924c) provided a more detailed description of these structures and named them 'lymphoid organs', believing them to be associated with the lymphatic system. Additional components of the scorpion lymphatic system comprise strand-like lymphatic glands, extending along the dorsal surface of the ventral nerve cord in the mesosoma, that are referred to as the supraneural glands (Pavlovsky, 1924c; Millot & Vachon, 1949); Farley, 1984 Farley, , 1999 Hjelle, 1990) . Pavlovsky (1924c) described two kinds of lymphatic system in scorpions: (1) simple lymphatic system, without lateral lymphoid organs; (2) complex lymphatic system, with lateral lymphoid organs. Pavlovsky (1924c) observed the simple system in Buthidae and the complex system in other families (Bothriuridae, Chactidae, Euscorpiidae Laurie, 1893, Iuridae, Liochelidae, Scorpionidae, Scorpiopidae Kraepelin, 1905, Urodacidae, and Vaejovidae), and noted that the form and size of the tubes varied, from short ovoid to long tubes. Unfortunately, Pavlovsky (1924c) provided no further details about the differences observed.
The function of these organs was largely unkown until recently (Farley, 1984; Hjelle, 1990) . Previous researchers reported the presence of phagocytic cells, which eliminate foreign substances (Pavlovsky, 1924c; Millot & Vachon, 1949) , but Nayar (1966) suggested that they may serve an endocrine function. Farley (1984, 1999) demonstrated the hematocytopoietic function of the lateral lymphoid organs by means of ultrastructural studies.
The lateral lymphoid organs have been identified in the following families: Bothriuridae (Pavlovsky, 1924c) ; Chactidae (Pavlovsky, 1924c) ; Euscorpiidae (Pavlovsky, 1924c , as Chactidae); Iuridae (Pavlovsky, 1924c , as Vaejovidae and Chaerilidae); Liochelidae (Laurie, 1896b, as Ischnuridae Simon, 1879; Pavlovsky, 1924c , as Scorpionidae); Scorpionidae (Laurie, 1896b; Pavlovsky, 1924c) ; Scorpiopidae (Pavlovsky, 1924c , as Chactidae); Urodacidae (Pavlovsky, 1924c , as Scorpionidae); and Vaejovidae (Pavlovsky, 1924c) . The absence of these organs has only been confirmed in Buthidae (Laurie, 1896b; Pavlovsky, 1924c) , whereas the presence or form of these organs has not been reported in the remaining scorpion families, including Chaerilidae and Pseudochactidae Gromov, 1998.
MATERIAL AND METHODS

MATERIAL EXAMINED
Taxon sampling for this study aimed primarily at sampling exemplar species of most families currently recognized in Scorpiones (classification follows Prendini & Wheeler, 2005) , and secondarily at corroborating previous observations, particularly those of Pavlovsky (1924b Pavlovsky ( , 1925 . Owing to the destructive procedures required to obtain observations on the mesosomal anatomy, we selected specimens with no locality data, which were thus of limited systematic utility, or specimens from large series, wherever possible.
The broad scope of taxon sampling (representatives of almost every family and a large sample of the family Buthidae), from an equally broad distribution of habitats around the world, necessitated the use of museum specimens. All specimens were preserved in 75% ethanol. Whereas most of the specimens are known to have been fixed in ethanol, some specimens were originally fixed in formalin, causing the digestive gland and muscles to be very brittle. The material examined is listed in the Appendix.
DISSECTIONS
In order to examine the mesosomal organs, particularly the ovariuterus, a careful dissection is required. Dissections were conducted using fine-tipped forceps, dissection needles, iris scissors (Miltex 18-1620) and Nikon SMZ-1500 dissection stereomicroscopes. Dissections were conducted in glass or plastic Petri dishes, and specimens were either immersed in 75% ethanol or placed in a plastic Petri dish without ethanol.
Using the iris scissors, a shallow incision was made through the pleural membrane, between the tergites and sternites of the mesosoma, starting beneath tergite VI and cutting anteriorly around the lateral and anterior carapace margins of the prosoma, then posteriorly between tergite VII and sternite VII, and finally through the membrane connecting tergite VII and metasomal segment I. The opisthosomal terga were then carefully removed by cutting through the dorsoventral muscles that restrain the dorsal sclerites and carapace. Once the tergites were removed, the dorsal aspect of the digestive gland was completely exposed for examination, prior to being carefully dissected away. Dissections usually commenced anteriorly, in the area covered by tergites I and II, and proceeded posteriorly after the anterior branches of the ovariuterus were located. The ovariuterine tubules run through the digestive gland, the removal of which must be undertaken carefully to avoid damaging the ovariuterus.
The preservation of specimens available for dissections was variable. Near complete exposure of the ovariuterus was obtained by careful dissection of softer and fresher specimens. Brittle specimens were soaked in 20% ethanol or distilled water for 2-5 days to soften the digestive gland, and increase the elasticity of the ovariuterine tubules, thus significantly increasing the ease of dissection and reducing the damage to the ovariuterus. In a few cases, soaking only slightly improved the specimens, and dissections removed just enough of the digestive gland to confidently make observations. Specimens satisfactorily dissected were returned to 75% ethanol, and were later photographed using a Microptics™ ML1000 digital imaging system, or a Nikon Coolpix 4500 digital camera attached to a Nikon SMZ-1500 microscope. Suitable images were then used to render line drawings of the ovariuterus.
Measurements were taken directly from the digital photographs using the software UTHSCSA IMAGE TOOL 3.00 (1996) (1997) (1998) (1999) (2000) (2001) (2002) , which was developed at the University of Texas Health Science Center at San Antonio, TX, USA, and is available from http:// ddsdx.uthscsa.edu/dig/itdesc.html. The body width was measured at diaphragm level. The length and width of the lymphoid organ represent the maximum distances observed on the specimen.
TERMINOLOGY
This study is concerned with anatomy, the 'science of internal morphology, as revealed by dissection' (Torre- Bueno et al., 1989: 38) . Anatomical terminology mostly follows Hjelle (1990) ; however, the following terms were developed based on our observations. The lateral longitudinal tubules (LT; Figs 1J, 3E, 6B) are the primary longitudinal tubules, leading directly from the spermathecae and extending posteriorly to mesosomal segment VI, where they curve inwards towards each other, and in so doing become the fifth pair of transverse tubules. The lateral longitudinal tubules are usually situated slightly above the intestine in the body cavity.
The median longitudinal tubule (MT; Figs 1J, 3B) is located below the intestine, and is usually lower in the body cavity than the LTs. The MT divides anteriorly, forming the anteriormost pair of transverse tubules. All nonbuthids and some buthids exhibit complete development of the MT. Francke (1982) and Hjelle (1990) considered this tubule to be the result of fusion of the submedian longitudinal tubules.
Submedian longitudinal tubules (ST; Fig. 2E ) occur only in some buthids. These tubules run parallel to one another and to the lateral longitudinal tubules. The right and left STs usually converge anteriorly with the lateral tubule on corresponding sides of the mesosoma. In two taxa, Isometrus maculatus (DeGeer, 1778) and L. variatus, the submedian tubules fuse anteriorly to form a median longitudinal tubule that divides slightly more posteriorly, as described for the MT (Fig. 1) . The STs of all buthids possessing these tubules converge posteriorly to form a short MT, usually between the fourth and fifth LTs.
The transverse tubules (TT; Figs 1E , 2E, 3B) extend transversely between the lateral tubules and either the MT or ST. There are usually five transverse tubules in buthids (Fig. 1J) . Representatives of Microtityus Kjellesvig-Waering, 1966 and Tityus possess only the anteriormost and posteriormost transverse tubules (Fig. 2H, I ).
Lateral cells (LC; Figs 1-3 , 6D, 7B) are the quadrilateral 'cells' in the ovariuterine network. The median cell (MC; Figs 1K, L, 2A-G) is the single, large 'cell', and is bounded by the STs. The MC is closed anteriorly by fusion of the STs (Fig. 1K, L) , or by a short transverse tubule ( Fig. 2A-D) , in most taxa observed; however, the MC is open, without any form of anterior closure (Fig. 2F, G 
RESULTS
OVARIUTERUS
We observed six different patterns in the branching and connectivity of the ovariuterine tubules. Five of these occur in the Buthidae: (1) simple, eight-celled (Fig. 1A-J) ; (2) simple, two-celled (Fig. 2F, G) ; (3) complex-bridged ( Fig. 2A-D) ; (4) complex-fused (Fig. 1K, L) ; (5) complex-open (Fig. 2F, G) . All nonbuthids possessed a similar six-celled ovariuterus.
The simple eight-celled ovariuterus (Fig. 1A-J ) comprises a single MT to which the TTs are fused. The simple two-celled ovariuterus (Fig. 2H, I ) lacks all but the anteriormost and posteriormost TTs.
The complex ovariuterus is defined by the formation of an MC or mesial branches, according to Francke (1982) . In our opinion, the MC should be added to the 'cell' count, and these ovariuterine patterns are in fact 'nine-celled', not 'eight-celled' as is usually reported in the literature ( Table 1 ). The complex ovariuterus may be subdivided into three types, depending on whether or not the MC is closed, and on the manner of the closure. All types of complex ovariuterus examined are eight-celled. The complexbridged ovariuterus ( Fig. 2A-E) possesses a closed MC formed by a short TT bridging the STs.
The complex-fused ovariuterus (Fig. 1K, L ) possesses a closed MC, formed by anterior fusion of the STs. The complex-open ovariuterus (Fig. 2F, G) is most similar to the complex-bridged form, but lacks the anterior bridging tubule, leaving the MC incomplete, or open.
The simple six-celled ovariuterus (Fig. 3) lacks the anteriormost TTs, and may be planar in cross section, the TTs situated almost level with the MT (in katoikogenic taxa), or W-shaped, the TTs forming two ventrally directed arcs between the MT and the LTs (in apoikogenic taxa) ( Table 2 ). The planar ovariuterus of katoikogenic taxa is situated between the dorsal and ventral sections of the digestive gland, and does not extend ventrally as in apoikogenic taxa (Fig. 6D) . The diverticulae mostly emanate from the lateral and ventral surfaces of the ovariuterine tubules, in between the lobes of the digestive gland, with the appendices (when present) directed randomly outwards. The tubules of apoikogenic taxa are usually rounded in cross section, whereas those of katoikogenic taxa are dorsoventrally compressed.
SPERMATHECAE
The spermathecae of most Buthidae (O. dentatus appears to be an exception), Pseudochactidae, Vaejovidae, Liochelidae, Hemiscorpiidae, and Urodacidae are weakly developed, and are usually visible as a slight expansion of the anteriormost part of the LTs of the ovariuterus. The spermathecae are enlarged and sac-like in Bothriuridae, Chactidae, O. dentatus (Buthidae), Caraboctonus keyserlingi Pocock, 1893 and Hadrurus a. arizonensis Ewing, 1928 (Iuridae) . The LTs of the ovariuterus attach medially to the internal side of the spermathecae (Fig. 3G ) in all bothriurids except Lisposoma josehermana Lamoral, 1979 , and at the posterior end of the spermathecae (Fig. 3E ) in all other taxa examined (including L. josehermana). The spermathecae of H. a. arizonensis (Iuridae) are extremely large and attached almost posteriorly, but the first section of the ovariuterine tubule (oviduct, according to Hjelle, 1990) forms an anteriorly-directed 'handle' close to the spermathecal wall, creating the impression that it is attached medially (as in Sissom, 1990: 80, fig. 3.13D ).
FOLLICLES AND LOCATION OF EMBRYONIC DEVELOPMENT
The shape of the follicle is related to the type of embryonic development. Rounded or oval follicles are characteristic of apoikogenic taxa, whereas elongated follicles are characteristic of katoikogenic taxa. The mature follicles of chactids, euscorpiids, scorpiopids, and most iurids are oval (as in Fig. 5A ), whereas the follicles of the remaining apoikogenic families are rounded (as in Fig. 5B) .
The follicles of all taxa examined arise predominantly from the ventral and lateral surfaces of the ovariuterine tubules. All apoikogenic taxa examined, including V. spinigerus, display small, rounded, or oval follicles, with a well-developed stalk or pedicel (Fig. 5A, B) . The only exception was observed in S. mesaensis (Vaejovidae), in which the follicles are surrounded by a trophic layer (Figs 3F, 5C ). We did not observe stalked follicles in this species, although they were illustrated by Sissom (1990: 80, fig. 3.13E ). The follicles of katoikogenic scorpions are more elongated, forming broad-based, thumb-like processes ( Fig. 3H, I ; Fig 5D) .
The appendix of the diverticula was observed in all katoikogenic taxa except for Urodacus Peters, 1861 (Urodacidae) and Heteroscorpion goodmani Lourenço, 1996 (Heteroscorpionidae Kraepelin, 1905 , in which the diverticula possess only a rounded distal end fig. 9 ) Abbreviations: LC, lateral cell; LT, lateral longitudinal tubule; MT, median longitudinal tubule; TT, transverse tubule. ᭣ (Fig. 4A) . Considerable variation was observed in the shape of the appendix, from the long, narrow tube of Opistophthalmus cavimanus Lawrence, 1928 (Fig. 4D) , to the bottle-shaped distal end (Fig. 4B, C) of Hemiscorpiidae and most Liochelidae (except for Opisthacanthus validus Thorell, 1876, in which it is straight, and ends helicoidally), or the distal 'button' of Diplocentridae (Fig. 4B) .
DIGESTIVE GLAND
We identified three types of digestive glands in this study: (1) compact (Fig. 6A) ; (2) digitiform (Fig. 6B) ; (3) a new, perhaps intermediate, hemidigitiform digestive gland (Fig. 6C, D) . All apoikogenic scorpions examined possess a compact digestive gland (Table 2) . Although dorsal and ventral divisions are evident in the compact digestive gland, longitudinal divisions are difficult or impossible to identify. The lateral tubules of the ovariuterus are situated between the dorsal and ventral portions, and the transverse tubules are situated in between the ventral lobes of each segment.
The digitiform digestive gland was observed in all katoikogenic taxa, excepting Urodacus, which possess a hemidigitiform digestive gland. The digitiform digestive gland displays well-developed lobes on both the dorsal and ventral portions; however, there appears to be no obvious association between the 'digits' and particular mesosomal segments (Fig. 6B) . The dorsal portion of the hemidigitiform digestive gland is extremely compact, and is slightly narrower than the ventral portion, the lateral sides of which are visible in dorsal aspect (Fig. 6C) . The ventral portion of the hemidigitiform digestive gland has thickened lobes (Fig. 6D) .
LATERAL LYMPHOID ORGANS
These organs were absent in all buthids and chaerilids examined, as well as in P. ovchinnikovi and M. pauliani ambre. All remaining species examined possess lateral lymphoid organs. We observed considerable variation in the shape and size of these organs. Some taxa, e.g. C. keyserlingi and Hadruroides charcasus Pocock, 1900 (Iuridae), Superstitionia donensis Stahnke, 1940 (Superstitioniidae Stahnke, 1940 , and the Diplocentridae, exhibit small, sac-like structures that do not extend beyond mesosomal segment II, with a length/width ratio of less than 4.5 (Table 2) . Others, e.g. Urodacus, exhibit narrow tubes, which may extend as far as segment IV, with a length/width ratio up to 16.67 (Table 2 , Fig. 7A, B) . The lateral lymphoid organs are straight in most cases, extending slightly to the ventral surface, and lie between the ovariuterine LTs. The lateral lymphoid organs of Urodacus planimanus Pocock, 1893 are very long (organ length/body width ratio of 1.22), and become tortuous distally (Table 2, Fig. 7B ). Superstitionia donensis has the smallest lymphoid organ observed, with an organ length/body width ratio of 0.15 (Table 2) . DISCUSSION OVARIUTERUS All nonbuthid scorpions described in the literature, and examined in the present study, possess a sixcelled ovariuterus. Two distinct types of six-celled ovariuterus were identified, conforming to taxa with apoikogenic and katoikogenic development. Apoikogenic taxa possess a generally broader, often W-shaped arrangement of tubules, in which the TTs form two ventrally directed arcs between the MT and the LTs (Fig. 3A-G) . Katoikogenic scorpions possess a planar, more elongated arrangement, in which the TTs are almost level with the MT in cross-section ( Fig. 3H-I ). As discussed further in the section on embryonic development, katoikogeny is restricted to the scorpionoid families, excluding Bothriuridae, and is apomorphic relative to apoikogeny (Stockwell, 1989; Prendini, 2000 Prendini, , 2003 .
Pseudochactas ovchinnikovi also possesses a sixcelled ovariuterus, yet this enigmatic scorpion also exhibits numerous buthid-like characters (Prendini et al., 2006) . Although its phylogenetic position remains to be rigorously tested, the evidence suggests that Pseudochactas Gromov, 1998 is the sister group of Buthidae (Prendini et al., 2006) . If this is the case, fig. 10 ). D, Grosphus flavopiceus Kraepelin, 1900 . E, Rhopalurus rochae Borelli, 1910 (after Matthiesen, 1970 fig. 2 ). F, Odonturus dentatus Karsch, 1879; G, Lychas tricarinatus (Simon, 1884) (after Pavlovsky, 1925: plate VII, fig. 8) Soleglad & Fet (2003) , the eight-celled ovariuterus found in most Buthidae must be apomorphic.
Among the buthid genera examined during the present investigation, Androctonus Ehrenberg, 1828, Anomalobuthus Kraepelin, 1900 , Hottentotta Birula, 1908 , Liobuthus Birula, 1898 , and Orthochirus Karsch, 1891 , representing the Old-World Palaearctic buthid clade (Fet, Soleglad & Lowe, 2003 , 2005 Coddington et al., 2004) , all possess the simple eight-celled ovariuterus, suggesting that it may be synapomorphic for this clade.
The complex eight-celled ovariuterus has apparently evolved several times independently from the simple condition. All buthids in which the complex eight-celled ovariuterus was observed, originate from parts of the former Gondwanaland (Australia, India, Madagascar, southern Africa, and South America). In the present study, Uroplectes planimanus Karsch, 1879 and Uroplectes t. triangulifer Thorell, 1876 were found to possess the simple eight-celled ovariuterus, whereas representatives of Grosphus Simon, 1880 and Parabuthus Pocock, 1890 were found to possess a complex-bridged eight-celled ovariuterus. Prendini (2004) proposed that Uroplectes Peters, 1861 is the sister group of Parabuthus, and that the two African genera form a monophyletic sister group of the Malagasy Grosphus. Prendini's (2004) hypothesis implies that the simple eight-celled ovariuterus was independently derived in Uroplectes and the Palaearctic buthids, which are not closely related (Fet et al., 2003) .
Two notable cases of variation in ovariuterine anatomy were observed among congeners. Rhopalurus princeps (Karsch, 1879) and R. abudi from the Dominican Republic both exhibit the simple eight-celled ovariuterus. In contrast, the Brazilian R. rochae displays the complex-bridged ovariuterus, first observed by Matthiesen (1970) , and confirmed in the present study. Rhopalurus Thorell, 1876 is discontinuously distributed in the Caribbean and Brazil (Lourenço, 1986 (Lourenço, , 2000a Lourenço & Pinto-da-Rocha, 1997; Armas, 1999; Armas, Ottenwalder & Guerrero, 1999) . The observed differences in ovariuterine anatomy suggest that it may contain informative characters for the systematics of the genus. The phylogenetic relationships of Rhopalurus are currently unknown, but it is possible that the genus may be paraphyletic with respect to Centruroides Marx, 1890, with which its component species share several synapomorphies (Sissom, 1990; Fet & Lowe, 2000) . We examined Centruroides exilicauda (Wood, 1863) and Centruroides gracilis (Latreille, 1804) in the present study, both of which possess the simple eight-celled ovariuterus. Pavlovsky (1925) illustrated three different types of ovariuterine anatomy in the buthid genus Lychas C.L. Koch, 1845 . Lychas marmoreus exhibits the simple eight-celled ovariuterus (Fig. 1E) , L. variatus exhibits the complex-fused ovariuterus (Fig. 1L) , and L. tricarinatus exhibits the complex-open ovariuterus (Fig. 2G) . If Pavlovsky's (1925) illustrations correctly depict the anatomy of these species, then these observations suggest that this widespread genus (distributed in Africa, Australasia, and India) may also be paraphyletic. The ovariuterine anatomy of L. tricarinatus was independently confirmed by Mathew (1960 Mathew ( , 1962 , and the anatomy of the other Lychas species illustrated by Pavlovsky (1925) was verified during the present study. The taxonomy of the Australian Lychas (particularly L. marmoreus, L. variatus, and their respective synonyms) is chaotic (Kraepelin, 1916; Glauert, 1925; Koch, 1977; Kovařík, 1997) . Additional species of Lychas should be examined to illuminate the patterns observed by Pavlovsky (1925) . All other buthid genera examined during the present investigation, except Rhopalurus, possess the same ovariuterine anatomy among congeners.
Our observations on the ovariuterine anatomy also support mounting evidence that the genus Microcharmus Lourenço, 1996, currently placed in a unique family, Microcharmidae Lourenço, 1996, is a buthid (Coddington et al., 2004) . We observed the complex open form of the eight-celled ovariuterus in M. pauliani ambre and two buthids, Babycurus jacksoni (Pocock, 1890) and L. tricarinatus. Microcharmus (A, D) ; follicles containing early to mid-stage oocytes (B, C, E-G); five nearly mature oocytes (E); embryos developing within diverticulae (H, I). Note the enlarged spermathecae close to the genital atrium (B, E, G). A, Euscorpiops montanus (Karsch, 1879) (after Pavlovsky, 1925 : plate VII, fig. 5) . B, Brachistosternus intermedius Lönnberg, 1902 (after Pavlovsky, 1925 : plate VII, fig. 11 ). C, Pseudochactas ovchinnikovi Gromov 1998 (after Prendini et al., 2006: 239, fig. 46 ). D, Scorpiops leptochirus Pocock, 1893. E, Lisposoma josehermana Lamoral, 1979 . F, Smeringurus mesaensis (Stahnke, 1957 . G, Urophonius granulatus Pocock, 1898. H, Heteroscorpion goodmani Lourenço, 1996. I, Liocheles waigiensis (Gervais, 1843). Abbreviations: Di, diverticula; LC, lateral cell; LT, lateral longitudinal tubule; MT, median longitudinal tubule; S, spermatheca; TT, transverse tubule. ᭣ Table 2 . Summary of embryological observations on the ovariuterus, digestive gland, and lateral lymphoid organs for taxa examined in the present study Unknown state (?) is assigned to taxa for which the information could not be scored, because of poor preservation or inappropriate developmental stage, and as the appendix is only present in katoikogenic species, this state is scored as inapplicable (-) in apoikogenic species. *The medial connection of ovarium to seminal receptacle illustrated by Sissom (1990: 80, fig. 3 .13D) may be incorrect.
also lacks lateral lymphoid organs, which is another buthid characteristic. These anatomical characters support numerous external morphological characters (e.g. the presence of the type-A trichobothrial pattern on the pedipalps) otherwise unique to Buthidae, from which Microcharmidae is separated principally on the basis of size and ecology (Lourenço, 2000b) . The balance of evidence does not, in our opinion, warrant continued recognition of Microcharmidae, which renders Buthidae paraphyletic (E. S. Volschenk & L. Prendini, unpubl. data) . We therefore propose the following new synonymy: Microcharmidae Lourenço, 1996 = Buthidae C.L. Koch, 1837 .
SPERMATHECAE
The spermatheca is an elastic structure, which is probably subject to slight changes in size depending on the quantity of sperm contained within; however, several characters of this organ may be phylogenetically informative. Knowledge of the extent of variation in the spermathecae is limited, as spermathecal size is probably dependent on time elapsed since the last mating, as well as on the stage of the reproductive cycle. Three independent studies observed enlarged spermathecae in the iurid, H. a. arizonensis (Sissom, 1990; Farley, 2001 ; this study). Spermathecal size may also be phylogenetically informative in the other iurids, bothriurids, and chactids, in which enlarged spermathecae have been observed. The absence or small size of the spermathecae of most other scorpions, including Buthidae and Pseudochactas, suggests that enlarged spermathecae are apomorphic.
The extremely enlarged spermathecae observed in some taxa (e.g. H. a. arizonensis and Urophonius granulatus Pocock, 1899) probably contain sperm from multiple inseminations, because the quantity of sperm contained in a single spermatophore from these species is a small fraction of the volume of the spermatheca (A.V. Peretti, pers. comm.) . The purpose of this accumulation of sperm is unknown, but is presumed to facilitate the production of multiple broods.
The point of attachment of the ovariuterus to the spermathecae also varies. The ovariuterus of most scorpions possessing spermathecae is attached posteriorly, and it is likely that, during parturition, any sperm retained in the spermathecae will be expelled as the first of the brood pass through to the exterior. The ovariuterus of all bothriurids (except L. josehermana) examined in the present study attaches internolaterally to the spermathecae. Lateral attachment to the spermathecae creates a broad pocket that may facilitate the storage of large quantities of sperm. The extreme size of the spermathecae observed in iurids and bothriurids may thus serve not only to store a large mass of sperm, but also to prevent its expulsion during parturition.
LOCATION OF EMBRYONIC DEVELOPMENT
Several studies (e.g. Stockwell, 1989; Prendini, 2000 Prendini, , 2003 demonstrated that apoikogenic development is plesiomorphic, and katoikogenic development apomorphic, in scorpions. Katoikogenic scorpions include all Scorpionoidea Latreille, 1802 (sensu Prendini, 2000 except Bothriuridae, which are apoikogenic. Katoikogeny appears to have evolved only once (Prendini, 2000 (Prendini, , 2003 . Lourenço (2002) speculated that Lisposoma would possess well-developed diverticulae like other scorpionoid taxa, contrary to Stockwell (1989) and Prendini (2000) . We confirmed the presence of a typical, apoikogenic ovariuterus in L. josehermana (Fig. 4E) , as reported by Stockwell (1989) and Prendini (2000 Prendini ( , 2003 .
The alleged 'third type' of embryonic development reported for V. spinigerus and C. werneri judaicus (Warburg & Rosenberg, 1996; Warburg, 2001 ) appears to be a misinterpretation of an advanced stage in the development of the embryos inside the ovariuterus. We observed regular follicles in V. spinigerus, conforming to typical apoikogenic development.
The typical, elongated diverticular appendix is not present in all katoikogenic taxa (Laurie, 1896b). We did not observe elongated appendices on the diverticulae of H. goodmani (Heteroscorpionidae) or Urodacus spinatus Pocock, 1902 (Urodacidae), which was the only urodacid with developing embryos that we examined in the course of this study. We instead observed a thickened structure, on a short pedicel (perhaps a rudimentary appendix), situated distally on the embryos (Fig. 4A ) of these taxa. Laurie (1896b) and Mathew (1968) documented similar structures in the early embryos of Urodacus novaehollandiae Peters, 1861 and U. manicatus, respectively. Mathew (1968) conducted a detailed investigation of the internal structure of the follicles of U. manicatus, and demonstrated that the thick, button-like structure is an accumulation of gland cells, which may secrete nourishment for the developing embryo. This secretory structure is located at the distalmost part of the elongated appendices that are characteristic of other Laurie (1896b) considered the short 'appendix' of U. novaehollandiae to be nonfunctional and plesiomorphic, compared with the elongated appendices observed on the diverticulae of other katoikogenic taxa. Our observation of a similar structure in Heteroscorpion Birula, 1903 is significant, as it contributes evidence to the debate concerning the relative phylogenetic positions of Urodacidae and Heteroscorpionidae, which have been contentious since Prendini (2000) first proposed a sister-group relationship for these families (Soleglad & Sissom, 2001; Prendini, 2003; Soleglad & Fet, 2003; Coddington et al., 2004; Prendini & Wheeler, 2005; Soleglad, Fet & Kovařík, 2005; Lourenço & Goodman, 2006; Volschenk & Prendini, 2008) . According to the alternative hypothesis, first proposed by Stockwell (1989) , but also obtained in some analyses by Prendini (2000) and a reanalysis of Prendini's (2000) data by Soleglad et al. (2005) , Heteroscorpionidae is sister to Hemiscorpiidae and Liochelidae, whereas Urodacidae is sister to Diplocentridae and Scorpionidae. The new observations reported here are consistent with Prendini's (2000) hypothesis that Urodacidae and Heteroscorpionidae form a monophyletic sister group to the other katoikogenic scorpion families.
FOLLICLES
The pedicel of the follicle, repeatedly claimed to be present only in Iuridae and Vaejovidae (Laurie, 1891; Francke, 1982; Stockwell, 1989; Sissom, 1990) , was observed in all of the apoikogenic species studied in the course of the present investigation ( Table 2) . The pedicel appears to be nothing more than a stage in the development of the follicle and the oocyte it contains. Follicles in the early stages of development are smaller in size and possess a pedicel that is not always present (or obvious) in larger, more mature follicles.
We presume that the original observations of Laurie (1896b) and Pavlovsky (1926) were based on very early stage oocytes. This misconception has persisted for more than a century, despite the clearly illustrated examples of other scorpion taxa (at least six buthids and two euscorpiids) with stalked follicles (Laurie, 1890; Mathew, 1962; Matthiesen, 1970; Warburg & Rosenberg, 1992b; Warburg et al., 1995; Lourenço, 2002) , and illustrates the importance of checking observations in specimens, rather than uncritically recycling data in the literature (Prendini, 2001) .
DIGESTIVE GLAND
We observed three different types of digestive glands in the present investigation: compact, hemidigitiform, and digitiform. The function of the digitiform digestive gland is unknown, and we suggest two possibilities.
The digitiform and hemidigitiform digestive glands are only known in katoikogenic scorpions, suggesting that they may be associated with this type of embryonic development. The elongated katoikogenic diverticulae occupy the spaces between the lobes of the digestive glands. The diverticular appendices, when present, often extend deep into the mesosoma. It is thus possible that the diverticulae may require additional space in the mesosoma for growth and development.
The digitiform and hemidigitiform digestive glands may also increase the surface area that is exposed to the haemolymph. Although the appendix of the diverticula is known to channel nutrients to the embryo at its base (Mathew, 1968) , the mechanism by which these nutrients enter the appendix is unknown. On the assumption that this process occurs by diffusion from the haemolymph, the increased surface area of the digitiform and hemidigitiform digestive glands would increase the rate at which nutrients could diffuse from the glands into the haemolymph.
Contrary to Pavlovsky & Zarin (1926) , we did not observe a digitiform digestive gland in the chactids and vaejovids we examined, all of which possessed a compact digestive gland.
The digestive gland does not appear to be sexually dimorphic. The same anatomy has been observed in males and females in all species possessing a compact digestive gland. Similarly, the digitiform digestive gland was observed in both sexes in at least two katoikogenic scorpions (Bioculus comondae Stahnke, 1968 and O. validus) .
LATERAL LYMPHOID ORGANS
The absence of lateral lymphoid organs in P. ovchinnikovi, Buthidae, and Chaerilidae is congruent with all hypotheses concerning the possible placement of Pseudochactidae in the phylogeny of scorpions: sister group of all recent scorpions, sister group of Buthidae, or sister group of Chaerilidae (Prendini et al., 2006) . Considering the most recent hypothesis of scorpion phylogeny (Coddington et al., 2004) , the presence of lateral lymphoid organs may be apomorphic in the order. The morphology and degree of development of these organs is quite variable (Table 2) , but is consistent within some taxa (e.g. Urodacus), and may carry phylogenetic information. Further physiological research is needed to completely clarify the function of these organs (Farley, 1999) .
CONCLUSIONS
Phylogenetically informative characters from the mesosomal anatomy of scorpions were first reported a century ago (Laurie, 1896a, b; Pavlovsky, 1913 Pavlovsky, , 1915a Pavlovsky, , b, c, d, 1917 Pavlovsky, , 1924a Pavlovsky, , b, c, d, 1925 Pavlovsky, , 1926 Pavlovsky & Zarin, 1926) , and have received little attention since. Many of the observations in these early studies were reported from a limited sample of taxa, and few were subsequently confirmed. These observations were nevertheless incorporated into the anatomical literature and into recent phylogenetic analyses, and, in some cases, were extrapolated to other taxa in which they had not been observed. Some organ systems (e.g. the digestive gland and lateral lymphoid organs) have never been studied comparatively across diverse taxa, or from a systematic perspective, and their reference in the literature is limited to their original discovery.
Here, we summarized existing data on these organs, reassessed the original observations as far as possible, augmented the set of observations across a sample of taxa representing most scorpion families, and revised the terminology to accommodate the range of variation observed. In so doing, we confirmed most of the original observations of previous workers and also identified a few misconceptions. In spite of these advances, the mesosomal anatomy of scorpions remains poorly known. Further study is needed to assess the extent of intraspecific variation in these organs, and to further enlarge the taxon sample at the generic level. Just as male hemispermatophores are increasingly included in taxonomic descriptions and phylogenetic analyses on scorpions, we hope that this contribution will inspire the inclusion of more characters from the internal anatomy of scorpions.
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